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Abstract 18 
Bubble growth strongly affects the physical properties of degassing magmas and their 19 
eruption dynamics. Natural samples and products from quench experiments provide 20 
only a snapshot of the final state of volatile exsolution, leaving the processes 21 
occurring during its early stages unconstrained. In order to fill this gap, we present in-22 
situ high-temperature observations of bubble growth in magmas of different 23 
compositions (basalt, andesite and rhyodacite) at 1100 to 1240 °C and 0.1 MPa (1 24 
bar), obtained using a moissanite cell apparatus. The data show that nucleation occurs 25 
at very small degrees of supersaturaturation (<60 MPa in basalt and andesite, 200 26 
MPa in rhyodacite), probably due to heterogeneous nucleation of bubbles occurring 27 
simultaneously with the nucleation of crystals. During the early stages of exsolution, 28 
melt degassing is the driving mechanism of bubble growth, with coalescence 29 
becoming increasingly important as exsolution progresses. Ostwald ripening occurs 30 
only at the end of the process and only in basaltic melt. The average bubble growth 31 
rate (GR) ranges from 3.4*10-6 to 5.2*10-7 mm/s, with basalt and andesite showing 32 
faster growth rates than rhyodacite. The bubble number density (NB) at nucleation 33 
ranges from 7.9*104 mm-3 to 1.8*105 mm-3 and decreases exponentially over time. 34 
While the rhyodacite melt maintained a well-sorted bubble-size distribution (BSD) 35 
through time, the BSD´s of basalt and andesite are much more inhomogeneous. Our 36 
experimental observations demonstrate that bubble growth cannot be ascribed to a 37 
single mechanism but is rather a combination of many processes, which depend on the 38 
physical properties of the melt. Depending on coalescence rate, annealing of bubbles 39 
following a single nucleation event can produce complex bubble size distributions. In 40 
natural samples, such BSD´s may be misinterpreted as resulting from several separate 41 
nucleation events. Incipient crystallization upon cooling of a magma may allow 42 
bubble nucleation already at very small degrees of supersaturation and could therefore 43 
be an important trigger for volatile release and explosive eruptions.  44 
 45 
 46 
Keywords 47 
Bubble growth, bubble coalescence, magma degassing, Ostwald ripening, moissanite 48 
cell 49  50  51 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
1. Introduction 52 
Explosive volcanic eruptions are powered by volatiles exsolving from magmas 53 
during their ascent toward Earth’s surface. At constant temperature, the solubility of 54 
volatile species (mostly H2O and CO2) is controlled by pressure and melt composition 55 
(Moore et al. 1998; Papale 1999; Liu et al. 2005; Ni and Keppler 2013). The 56 
combination of these two parameters determines the depth at which volatiles exsolve 57 
from the melt. The expansion of the resulting gaseous phase (i.e., bubbles) controls 58 
the effusive or explosive behaviour of magmas during volcanic eruptions. The 59 
eruptive style is thus determined by the mechanisms of bubble nucleation and growth 60 
(i.e., melt degassing, bubble coalescence, Ostwald ripening), which can be inferred 61 
only through bubble size distribution analysis of volcanic rocks or experimental 62 
products (e.g., Proussevitch et al. 2007; Shea et al. 2010; Lautze et al. 2011). Unlike 63 
crystal phases, the molar volume of the gas phase forming bubbles is much higher 64 
than that of the melt, therefore bubbles cannot be treated like crystals in size 65 
distribution studies (Proussevitch et al. 2007). Moreover, the higher mobility of the 66 
gas phase in the melt as compared to that of crystals implies another limitation for the 67 
textural interpretation of volcanic rocks, which only record the last frame of the 68 
degassing process. Given these restrictions, experiments with analogue materials have 69 
been performed and experimental products have been compared to natural textures 70 
(Blower et al. 2002). However, such comparisons rely on scaling assumptions to 71 
account for differences in thermal and chemical conditions. These assumptions may 72 
not always be valid. For this reason, accurate insights into the exsolution process can 73 
be obtained only through direct observations at conditions comparable to those of 74 
degassing magmas.  75 
First in-situ observations of bubble growth were obtained heating hydrous 76 
glassy sample at ambient pressure in heating stages (Bagdassarov et al. 1996; Navon 77 
et al. 1998; Liu and Zhang 2000). These studies investigated bubble growth in 78 
rhyolitic melts and showed experimental results consistent with the growth laws 79 
inferred by theoretical models (Toramaru 1989; Toramaru 1995; Proussevitch et al. 80 
1993; Lyakhovsky et al. 1996). More recently, high-pressure devices were developed 81 
and used to investigate in-situ bubble growth in silicic melts (Martel and Bureau 82 
2001; Gondé et al. 2006; Gondé et al. 2011). The experimental results were also 83 
consistent with observations of natural products, demonstrating the reliability of the 84 
experimental approach to the problem of magma vesiculation. 85 
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The low experimental temperature (generally well below 1000 °C) and the 86 
exclusive use of rhyolitic-type melt compositions are the main limitations of the 87 
experiments carried out so far. To overcome these limitations and to advance the 88 
investigation of bubble growth to higher temperatures and to basaltic compositions, 89 
we present new experimental in-situ observations of vesiculation obtained on basalt, 90 
andesite and rhyodacite melt compositions at temperature up to 1240 °C, using a 91 
recently developed moissanite cell apparatus (Schiavi et al. 2010). This technique was 92 
used by Schiavi et al. (2009) to observe the crystallization of a basaltic andesite and it 93 
can also be applied to investigate the kinetics of volatile exsolution in magmas. With 94 
some improvements of the initial experimental design, we have studied synthetic 95 
melts of different composition (basalt, andesite and rhyodacite) to unravel the 96 
dynamics of bubble growth in magmas at its early stages.  97  98  99 
2. Experimental and analytical methods 100 
 101 
2.1 Sample preparation and characterization 102 
We used synthetic glasses as starting material representative for different 103 
magma compositions (basalt, andesite and rhyodacite), obtained by melting a mixture 104 
of analytical grade oxides, carbonates and nitrates at 1 atm and 1600 °C for two hours 105 
in a platinum crucible. After this, basalt and andesite were melted once again under 106 
vacuum (P=10-2 mbar) at 1500 °C for 4 hours. Resulting glasses were clear and 107 
bubble-free, as confirmed with a scanning electron microscope (SEM), see Figure A1 108 
in the electronic appendix. Chemical analyses of these glasses were obtained with a 109 
JEOL JXA-8200 electron microprobe, using a 10 µm defocused beam, accelerating 110 
voltage of 15 kV and current of 15 nA (Table 1). To improve the optical transparency 111 
of the sample, in the basalt and andesite compositions, all FeO was replaced by MnO.  112 
Despite the melting of the starting mixture at atmospheric pressure (rhyodacite) 113 
or under vacuum (basalt and andesite), the resulting glasses contained small 114 
concentrations of dissolved water (as OH-) and CO2 (as carbonate, CO32-). Volatile 115 
contents in the glasses were measured on 200-1800 µm thick, double polished 116 
samples, using a Bruker IFS 120 Fourier transformed infrared (FTIR) spectrometer 117 
coupled to an infrared microscope. A narrow-band MCT detector was used together 118 
with a tungsten source and a Si-coated CaF2 beam splitter to measure the 3600 cm-1 119 
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band of OH-, while the same detector was used together with a globar source and a 120 
Ge-coated KBr beam splitter to measure the carbonate peak at ca. 1550 cm-1. Water 121 
and CO2 contents were calculated using the molar absorption coefficients reported by 122 
Yamashita et al. (1997) and by Ni and Keppler (2013). Results are reported in Table 123 
1, together with the volume that H2O and CO2 would occupy if they were entirely 124 
exsolved. 125 
 126 
2.2 Moissanite cell experiments 127 
The moissanite cell assembly resembles a Bassett-type externally heated 128 
diamond anvil cell, with diamond anvils replaced by large moissanite windows (a 129 
detailed description is given by Schiavi et al. 2010). A sample (glass disk of ca. 1.8 130 
mm diameter) was sandwiched between two moissanite windows and surrounded by a 131 
yttrium-doped ZrO2 gasket. Two or three concentric coils of Pt90-Rh10 wires on 132 
pyrophyllite substrates around each window were used for heating (Figure A2). A 133 
digital camera placed on a transmission optical microscope (Zeiss Axioscope 40; 134 
output to either eyepieces or camera-computer) recorded time-lapse pictures and 135 
movies of the sample. Samples from the starting glasses were prepared in 50-100 µm 136 
thick, doubly polished disks that were fitted into the gasket and sandwiched between 137 
the moissanite windows.  138 
Before heating the sample to super-liquidus temperatures (1240 °C basalt, 1200 139 
°C andesite, 1100 °C rhyodacite), the temperature inside the cell was held for a few 140 
hours at 650 °C (experiments with rhyodacite) or 800 °C (experiments with basalt and 141 
andesite) in order to release strain on the cell and to minimize the deformation of the 142 
cell during heating. No pressure was applied to the sample. The temperature was then 143 
increased with a rate of 167 °C/min and held constant at 1240 °C for the basalt melt, 144 
at 1200 °C for the andesite melt and at 1100 °C for the rhyodacite melt during the 145 
entire exsolution process. These temperatures are 10 to 50 °C above the liquidus 146 
temperature calculated for these melt compositions using MELTS (Ghiorso and Sack 147 
1995). The experiments were terminated after 0.5-7 hours and temperature was 148 
rapidly decreased with cooling rates varying from 50 to 100 °C/min. During all the 149 
experiment, Ar was flushed through the cell.  150 
Image analysis of bubbles was carried out using the free WEB software package 151 
ImageJ (Image Processing and Analysis in Java; http://rsb.info.nih.gov/ij/). 152 
Microscope pictures were converted to binary (8 bit) images. To limit the error on 153 
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particle counting and measuring, the touching edges of adjacent bubbles were drawn 154 
manually. Bubble growth rate (GR) was calculated in each picture by the average 155 
increase of bubble radius over time elapsed since the final run temperature had been 156 
reached. The bubble number density (NB) was calculated in selected pictures from 157 
each experiment, using the following equation (Gardner 2007): 158 
NB =
φM
ni
NT





Vi





∑
       (1) 159 
where ni and Vi are the number and volume of bubbles of diameter i, respectively, NT 160 
is the total number of bubbles and  M is the porosity, which is calculated as the 161 
volume fraction of bubbles in the sample (Gardner et al. 1999): 162 
 φM =
Vbubble
Vbubble +Vmelt
       (2) 163 
 164 
 165 
3. Results 166 
 167 
3.1 Bubble nucleation and growth mechanisms 168 
Bubble nucleation occurred in all experiments during heating, beyond the glass 169 
transformation temperature, but before reaching the liquidus temperature. During 170 
melting, all samples became nearly opaque, because of the sudden formation of 171 
bubbles and crystal nuclei (Figure 1 a-c). The clarity of images improved significantly 172 
a few seconds after the achievement of the set point temperature at t0, revealing the 173 
existence of small bubbles (1-4 µm). During the last stage of the heating process, 174 
thermal dilatation of the glassy disks caused a slight deformation of the bubbles at the 175 
edge of the sample. This was clearly observed in the experiments performed with the 176 
more viscous rhyodacitic melt (Figure 1 d-e; see also video in the electronic 177 
appendix). Immediately after relaxation of the melt, bubbles formed in the basalt were 178 
slightly larger than those in andesite, and consistently larger than those in rhyodacite 179 
(Figure 2). 180 
 The opacity of the sample during melting prevented the evaluation of possible 181 
effects of the moissanite surface on bubble nucleation. Apparently, bubbles nucleated 182 
homogeneously in the sample, since most of the experiments showed small bubbles 183 
distributed throughout the thickness of sample and spread all over its area. The 184 
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movement of bubbles during the thermal dilatation of the sample also suggests that 185 
bubble nucleated in the melt, rather than at the interface with the moissanite. In some 186 
experiments with basalt, a decrease of the bubble number density was observed 187 
toward the rim of the glassy sample, possibly because some degassing occurred 188 
through the outer surface of the sample. 189 
Bubble nucleation occurred exclusively at the beginning of each experiment and 190 
was then followed by bubble growth. After relaxation, bubble growth continued 191 
without deformation until the bubble achieved a critical diameter, corresponding to 192 
the thickness of the glassy disks. At this point, because bubble deformation became 193 
significant and menisci formed on the moissanite windows, the experiments were 194 
either terminated or the images captured later were not analysed. In terms of bubble 195 
growth dynamics, all the experiments showed consistent results independent from the 196 
composition of the melt, with melt degassing and coalescence being the prevailing 197 
mechanisms of bubble growth. Growth by melt degassing dominated during the very 198 
early stages of the experiments whereas bubble coalescence became increasingly 199 
important after bubbles had grown enough to interact with each other. The overall 200 
increase of porosity over time suggests that exsolution continued throughout the 201 
experiments, despite occurring faster at the very beginning of the experiment and 202 
eventually decreasing with time. Importantly, none of the experiments considered in 203 
this study showed bubbles moving within the melt, which would have favored 204 
coalescence. Indeed, thinning and disruption of melt septa between bubbles was the 205 
prevailing mechanism of bubble coalescence (Castro et al. 2012). Immediately after 206 
the coalescence of two bubbles, the relaxation of the newly formed bubble occurred 207 
slightly faster in basalt and andesite than in rhyodacite, but within a few seconds 208 
spherical shape was restored (Figure 3; see video in electronic appendix). Coalescence 209 
induced an appreciable increase of diameter of the newly formed bubble, with a factor 210 
between 1.2 and 1.5, depending on the initial size of the bubbles. 211 
Ostwald ripening occurred towards the end of the experiments (at low values of 212 
bubble number density) and only in some experiments performed with basalt. The 213 
effect of Ostwald ripening was minor compared to that of coalescence, because it 214 
required the presence of bubbles of different size (the distribution in rhyodacite was 215 
basically unimodal; Figure 2), with very small bubbles (<10 µm) close to larger ones 216 
(>50 µm). These smaller bubbles dissolved in the melt feeding the closest bubbles 217 
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without producing an appreciable increase in size, as observed during coalescence 218 
(Figure 4).  219 
 220 
3.2 Bubble growth rate (GR) and bubble number density (NB) 221 
We already pointed out that bubbles that formed in the basaltic melt at the 222 
beginning of the experiment were slightly larger than those in andesite, and 223 
consistently larger than those in rhyodacite. This reflects the difference of growth 224 
rates in melts of different composition. According to our experiments, bubble growth 225 
follows a linear law (r = GR*t + c), with a slope that progressively decreases from 226 
basalt to rhyodacite (Figure 5 a). Bubble growth rates (GR), which are given by the 227 
slope of the linear fit, are therefore 3.4*10-6 mm/s, 1.8*10-6 mm/s and 5.2*10-7, for 228 
basalt, andesite and rhyodacite, respectively (Table 2). The linear law closely 229 
describes bubble growth for t>20 s, but cannot be used to predict bubble size at the 230 
very beginning of the exsolution (when the opacity of the sample prevented the clear 231 
observation of the process). It is clear, however, that bubble growth at this stage was 232 
extremely fast (bubbles of several microns had already formed a few seconds after the 233 
achievement of the experimental temperature). Hence, the classical formulation of 234 
bubble growth with the bubble radius proportional to the square root of time (Sparks 235 
1978; Toramaru 1989; Bottinga and Javoy 1990; Proussevich and Sahagian 1998), or 236 
the logarithmic law proposed by Martel and Bureau (2001), may be more adequate in 237 
describing bubble growth at the very beginning of exsolution. The contrast between 238 
bubble growth at the beginning of the exsolution process and at a later stage implies a 239 
significant decrease of GR shortly after the beginning of exsolution. At t>20 s, GR 240 
remains constant through time (Figure 5 b). 241 
The bubble number density (NB) decreases with time following an exponential 242 
function (Table 2; Figure 6 a). The value of NB at nucleation can be obtained by the 243 
intercept of the curves with the zero-time of the experiments, yielding values of 244 
1.8*105 mm-3 for rhyodacite, to 9.5*104 mm-3 for basalt and 7.9*104 mm-3 for 245 
andesite. The shifting of the NB curves can be related to the different rate of bubble 246 
coalescence observed in the three melt compositions, with the rhyodacite showing the 247 
slowest rate and the highest density of bubbles. By close approximation (assuming a 248 
negligible effect of Ostwald ripening), the bubble coalescence rate (CR) can be 249 
expressed as the negative derivative of NB with respect to time (Figure 6 b): 250 
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CR = −
dNB
dt
        (3) 251 
Unlike for NB, the CR cannot be extrapolated for t<20 s, because at this stage 252 
melt degassing is the prevailing mechanism and coalescence is not likely to start 253 
before bubbles grew enough to interact with each other. 254 
 255 
3.3 Bubble size distribution 256 
Bubble size distribution curves are reported in Figure 7 where they are 257 
represented by the frequency of bubbles within a specific size class (based on the area 258 
of the bubble) and in Figure 8 where they are reported as cumulative distributions of 259 
volumetric classes (following the representation of Bai et al. 2008). 260 
The faster bubble growth and coalescence rates in basalt and andesite produced 261 
less homogeneous bubble size distributions than in rhyodacite. In basalt, bubbles 262 
rapidly evolve from a polymodal distribution to a poorly sorted distribution with a 263 
positive skew and a mode between 64 and 128 µm2 (Figure 7 a). In andesite, bubble 264 
growth proceeds with a rate similar to that of basalt, but bubbles achieve a bimodal 265 
distribution (Figure 7 b). The slowest growth rate produced in rhyodacite the most 266 
sorted distribution with a mode shifting through time toward larger bubble sizes and a 267 
tail developing toward left (Figure 7 c). 268 
Cumulative bubble size distributions show trends comparable with those 269 
obtained by X-ray micro-tomography of high-pressure experiments (Bai et al. 2008) 270 
and display exponential law relations, independent of melt composition and 271 
vesicularity (Figure 8). The exponential law relation closely matches the bubble size 272 
distribution of rhyodacite; however, in both basalt and andesite the central segment of 273 
the curve rather seems to follow a power law relation, which rotates counterclockwise 274 
with time around the volume of 1000 µm3. This trend is remarkably similar to that 275 
observed in crystal size distributions studies and actually reveals a difference in 276 
growth rate between the smaller bubbles and the larger ones. 277 
 278 
 279 
4. Discussion 280 
 281 
4.1 Effect of volatile saturation on bubble nucleation 282 
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According to the data in Table 1, the amount of H2O in our samples (10-20 ppm 283 
in basalt and andesite and ca. 400 ppm in rhyodacite) is small compared to the amount 284 
of dissolved CO2 in the melt. The complete exsolution of the H2O dissolved in each 285 
sample alone would be sufficient at 0.1 MPa to produce a gas phase with a volume 286 
comparable or greater than the measured volume of bubbles. Most likely, however, 287 
CO2, which is relatively abundant in the melt compared to water, is the main 288 
component of the gas phase exsolved during our experiments.  289 
The supersaturation pressure (∆P) is defined as the difference between the 290 
saturation pressure of the volatile species dissolved in the melt and the pressure at 291 
which bubble nucleation occurs. In our experiments bubbles nucleate at 0.1 MPa and 292 
the supersaturation pressure corresponds approximately to the saturation pressure of 293 
the CO2 present in our samples, ignoring the much smaller contribution of water. 294 
Based on the interpolation of several CO2 solubility studies, Ni and Keppler (2013; 295 
and references therein) found that CO2 solubility increases with pressure linearly 296 
following a slope 5.67 ppm CO2/MPa (almost independent of melt composition). 297 
Using this relation, we can roughly calculate ∆P values of 18, 51 and 200 MPa for 298 
basalt, andesite and rhyodacite, respectively. The values obtained for basalt and 299 
andesite are smaller than those reported in previous studies for homogeneous 300 
nucleation (e.g., Gondé et al. 2011). Mourtada-Bennefoi and Laporte (2002) found 301 
that the degree of supersaturation in rhyolitic magmas increases for decreasing 302 
concentration of H2O and increasing concentration of CO2. According to these 303 
authors, minimum ∆P values (27-94 MPa) are obtained with 630 ppm of CO2 and 7 304 
wt.% H2O, whereas at reduced water content (4.6 wt.%) and higher CO2 (800 ppm) 305 
∆P increases over 160 MPa. Therefore, we should expect to observe bubble 306 
nucleation in the basalt at ∆P higher than 18 MPa. For rhyodacite, ∆P is about one 307 
order of magnitude higher than for basalt, but this value may still be too low to 308 
produce homogeneous nucleation in nearly dry melts (∆P is roughly 150 MPa in 309 
water-rich melts; Mourtada-Bennefoi and Laporte 1999; Mangan and Sisson 2000; 310 
Mourtada-Bennefoi and Laporte 2004). Indeed, the fact that the rhyodacitic melt (as 311 
also the basalt and the andesite) did not degas to equilibrium during melting at 1600 312 
°C, suggests that the ∆P was not sufficient for bubble nucleation. 313 
The effect of CO2 concentration on ∆P has never been investigated in detail in 314 
water-poor systems and, in most of CO2-bearing experiments, this effect was probably 315 
hidden by the dominant presence of water. Bai et al. (2008) found that no significant 316 
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effect is observed in basalt at CO2 concentrations within few hundreds ppm, whereas 317 
the effect becomes noticeable at concentration higher than 800 ppm.  318 
In the classic theory of bubble nucleation, the ∆P is given by (Hirth et al. 1970; 319 
Hurwitz and Navon 1994): 320 
ΔP = 16πσ
3
3kT ln J0J






        (4) 321 
where σ is the surface tension, k is the Boltzman constant, T is the temperature, 322 
J is the nucleation rate and J0 is a parameter depending on a number of other 323 
parameters characteristic for the volatile species dissolved. According to this 324 
equation, the elevated temperatures in our experiments, as compared to many other 325 
experiments, could have somehow reduced supersaturation pressure. This effect, 326 
however, is expected to be rather small. A more likely explanation for the rapid 327 
bubble nucleation and the small supersaturation pressures we observe is that the 328 
nucleation occurred during heating shortly before reaching the liquidus temperature 329 
and may have coincided with the nucleation of crystals, which dissolved again upon 330 
further heating (Figure 1). Crystal nuclei may have different atomic arrangements and 331 
different surface properties than macroscopic crystals, which could explain why the 332 
supersaturation pressures we observe are very small. Our observations are, however, 333 
completely consistent with the study of Hurwitz and Navon (1994), who showed that 334 
the presence of microlites can reduce supersaturation pressures in hydrous rhyolite 335 
melts to values as low as 1 MPa. To demonstrate that bubble nucleation in our 336 
experiments was likely related to incipient crystallization, we heated some glass chips 337 
of our starting materials in a furnace with the same heating rate as in the moissanite 338 
cell experiments, but quenched the sample after the glass transformation temperature 339 
had been exceeded. Investigation of these samples showed the nucleation of bubbles 340 
on the surface of newly formed crystals (Figure A3 in the electronic appendix). 341 
 The effect of heterogeneous nucleation may also explain, why bubble 342 
nucleation still occurred in experiments with basalt and andesite despite the fact that 343 
these samples had been held for 1600 °C in air and in vacuum for several hours. At 344 
these super-liquidus temperatures, crystal nuclei were not present and heterogeneous 345 
nucleation was impossible. Therefore, bubbles could only form by homogeneous 346 
nucleation, which requires much higher supersaturation pressures, so that part of the 347 
volatiles remained dissolved in the melt. The higher volatile content of the rhyodacite 348 
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is related to the fact that it was only molten in air, not in vacuum; this imposes higher 349 
supersaturation pressures in the subsequent moissanite cell experiments. 350 
 351 
4.2 Bubble growth and evolution of bubble size distribution 352 
Evaluating the contribution of each bubble growth mechanism from the texture 353 
of volcanic rocks is challenging, since the traces of these mechanisms are commonly 354 
obliterated during the emplacement of the magma (e.g., deformation and channeling 355 
of vesicles during the ascent of the magma in the conduit; Bouvet de Maisonneuve et 356 
al. 2009). However, in some cases, bubble size distribution studies can be used to 357 
assess the occurrence of certain mechanisms of bubble growth (Shea et al. 2010). In-358 
situ observations provide valuable insights into the effect of growth mechanisms on 359 
bubble size distributions. To overcome the analytical problem of tracking each single 360 
growth mechanism (melt degassing, bubble coalescence and Ostwald ripening) and 361 
thus, to provide a more direct comparison to natural textures, we have measured the 362 
growth of bubbles based on their average size at different times during the 363 
experiment. 364 
All experiments show a fast bubble growth, prompted by melt degassing shortly 365 
after nucleation (<20 s), and a nearly linear growth for the rest of the experiment, 366 
dominated by bubble coalescence (Figure 5 a). As result, bubble growth rates 367 
decrease rapidly in the first 20 s (by roughly two orders of magnitude), and then they 368 
remain nearly constant for the rest of the experiment (Figure 5 b). The fast initial 369 
growth is consistent with experimental data by Gondé et al. (2011), who reported a 370 
logarithmic growth law in the first 10 s of the experiment, with an average growth rate 371 
of 4.5*10-4 mm/s (i.e., same order of magnitude as we observe for basalt and andesite 372 
after 30 and 45 s, respectively; Table 2). Probably due to limitations of the 373 
experimental setup, the authors did not report data for time >10 s. However, a 374 
prolonged in-situ observation is reported in Bagdassarov et al. (1996) who, consistent 375 
with our results, found a decrease of bubble growth rates with time. Similarly, Bai et 376 
al. (2008), using microtomographic in-situ measurements, observed that bubble 377 
growth was faster in the first 10-20 s and then progressively decreased with time. In 378 
general, the classic theory of bubble growth (where R~ t1/2; Proussevich and Sahagian 379 
1998) offers a good approximation to these experimental observations, despite the 380 
magnitude of the process may be dependent on factors like the amount of volatiles 381 
dissolved and the composition of the melt. On the other hand, theoretical model 382 
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cannot be used to predict the bubble size distribution (BSD) and its evolution with 383 
time, but rather, in-situ experiments provide the more reliable evidence on how 384 
bubble growth mechanisms affect the evolution of BSD.  385 
The three melt compositions showed a different evolution of the BSD, with 386 
basalt and rhyodacite showing the least and most sorted distribution, respectively 387 
(Figure 7). During all the experiments, the distribution of bubbles in the rhyodacitic 388 
melt remained more homogeneous than in basalt and andesite, which, on the contrary, 389 
evolved into poorly sorted distributions (Figure 2, Figure 7). The close fit of the 390 
exponential law to the cumulative distribution of rhyodacite evidences the higher 391 
homogeneity of the BSD, compared to basalt and andesite, whose cumulative 392 
distributions can be fitted by a power law in the intermediate region (Figure 8). Such 393 
variability of BSD can be related to the variable rate of coalescence in the three melt 394 
compositions. Specifically, faster rates of bubble coalescence (i.e., experiments with 395 
basalt and andesite) are likely to produce much more heterogeneous distributions than 396 
for slow rates (i.e., experiment with rhyodacite).  397 
The striking effect of the coalescence rate CR in modifying the BSD curves may 398 
easily lead to a misinterpretation of the texture of volcanic rocks. For example, the 399 
occurrence of multiple modes in the BSD of basalt and andesite (Figure 7) could be 400 
interpreted by means of secondary nucleation events (Klug et al. 2002; Polacci et al. 401 
2003; Lautze and Houghton 2007) that actually did not occur during the experiments. 402 
Rather, our observations suggest that the faster CR in these two melts amplified the 403 
effect of proportionate growth (i.e., growth rate proportionate to the size of the 404 
bubble) that, shortly after the beginning of vesiculation, produced right skews and 405 
multiple modes in the BSD. Proportionate growth is also visible in the BSD of 406 
rhyodacite, the left tail of which indicates the persistence of small bubbles that grew 407 
much less than larger ones, as a result of the much slower CR of this melt, as 408 
compared to basalt and andesite. 409 
 410 
4.3 Evolution of bubble number density (NB) 411 
The initial bubble number density at nucleation can be estimated by 412 
extrapolating the curves for NB to the time zero of the experiment (Figure 6 a). These 413 
values range from 7.9*104 to 1.8*105 mm-3 and match previous determinations of NB 414 
obtained by in-situ experiments on H2O-saturated haplogranitic composition (Gondé 415 
et al. 2011). However, considering the differences in volatile content, temperature, 416 
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pressure and nucleation mechanism, this agreement may be fortuitous. Bulk volatile 417 
concentration will influence the evolution of NB over time, with high volatile contents 418 
causing a faster decrease of NB (Gardner et al. 1999). Accordingly, NBs calculated in 419 
our experiments are up to two orders of magnitude higher than NBs reported in 420 
literature for experimentally decompressed H2O-saturated dacitic and rhyolitic melts 421 
(Gardner and Ketcham 2011), as expected from the low volatile content of the melt.  422 
Our experimental determinations of NB overlap the values typical of natural 423 
pumices, ranging between 104 and 107 mm-3 (Polacci et al. 2001; Klug et al. 2002; 424 
Colucci et al. 2013), whereas they are higher than NB of less explosive products, 425 
which typically range between 101 and 103 mm-3 (Parcheta et al. 2013).  426 
 427 
4.4 Effect of temperature and melt composition on volatile exsolution 428 
Bubble nucleation density and growth rates are controlled by the volatile 429 
diffusivity of the melt that, in turn, depends on the polymerization of the melt 430 
(NBO/T). This is because nuclei of bubbles need to exceed critical size to continue to 431 
grow spontaneously and even a bubble of 0.1 µm size contains in the order of 106 432 
molecules of CO2 or H2O, which have to be transported to the bubble by diffusion.  433 
Melt characterized by lower diffusivity are likely to be characterised by higher NB at 434 
nucleation, because of the smaller volume of melt feeding each bubble. Consistently, 435 
the experiment performed with rhyodacite at 1100 °C showed higher NB than the 436 
experiments with andesite and basalt performed at 1200 and 1240 °C, respectively, 437 
and another experiment performed with rhyodacite at 1200 °C. For CO2, however, 438 
bulk composition and NBO/T may have only a minor effect on diffusivity (Zhang and 439 
Ni 2010). In this regard, it should be noted that the variation of NB at nucleation in the 440 
three compositions is within one order of magnitude, which is much less than the 441 
overall variability observed in natural products. Rather, the difference of NB among 442 
the melt compositions investigated, in particular between basalt and rhyodacite, 443 
increases with time. Therefore, with the increasing bubble size and interaction 444 
between bubbles, melt viscosity probably controls the rates of bubble growth and 445 
coalescence. In fact, despite the considerably higher degree of supersaturation, 446 
rhyodacite shows remarkably slower growth and coalescence rates as compared to the 447 
less viscous basaltic and andesitic melt. 448 
 449 
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4.5 Implications for volcanic systems 450 
Degassing-induced crystallization is common in magmas experiencing syn-451 
eruptive decompression (Mastrolorenzo and Pappalardo 2006; Humpreys et al. 2008; 452 
Brophy 2009; Martel 2012; Mollard et al. 2012). Our experiments suggest that there 453 
may also be a reverse relationship, with crystal nucleation being a possible cause of 454 
bubble nucleation. Indeed, bubble nucleation in basalt and andesite occurs despite the 455 
relatively small degree of volatile supersaturation of the melt, because of the presence 456 
of crystal nuclei that act as nucleation sites for bubble (Hurwitz and Navon 1994). By 457 
analogy to our experimental observations, the incipient crystallization of a magma 458 
upon cooling may trigger volatile release and possibly, explosive volcanic eruptions. 459 
This situation is likely to occur in differentiating magmas that achieve a pseudo-460 
invariant temperature that, once crossed, undergo to significant increase of 461 
crystallization (Fowler et al. 2007). An alternative scenario could be the emplacement 462 
and cooling of a crystal-poor magma at shallow depths. Here, the very onset of 463 
crystallization could trigger an eruption. The very high bubble number densities at 464 
relatively small supersaturation that we observe in our experiments, suggest that this 465 
mechanism could be quite important in nature. We also observe how melts of lower 466 
viscosity (basalt and andesite) rapidly achieve heterogeneous bubble distributions and 467 
a less dense bubble packing than high viscous ones. Indeed, melts of higher viscosity 468 
(rhyodacite) are likely to maintain a denser bubble packing for longer time, being thus 469 
more susceptible to brittle failure and fragmentation, when the tensile stress at the 470 
inner walls of bubbles exceeds the tensile strength of the magma (Zhang 1999).  471 
 472 
5. Conclusions 473 
Moissanite cell experiments allowed the direct observation of bubble nucleation 474 
and growth at magmatic conditions that are otherwise not directly accessible. The data 475 
presented in this study are therefore complementary to studies of bubble growth 476 
performed at high-pressure and/or using controlled decompression rates. Our 477 
experiments suggest that bubbles can nucleate at very small degrees of supersaturation 478 
simultaneously with the nucleation of crystals. This implies that incipient 479 
crystallization upon magma cooling could be an important mechanism for triggering 480 
volatile release and explosive eruptions already at small degrees of volatile 481 
supersaturation. 482 
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Melt polymerization plays role in determining the bubble number density at 483 
nucleation, whereas, the viscosity of the melt controls the rates of bubble growth and 484 
coalescence. Magmas characterized by higher NBO/T and lower viscosity are likely 485 
to exhibit lower bubble number density at nucleation and faster growth and 486 
coalescence rates, compared to magmas characterized by lower NBO/T and higher 487 
viscosity. As result, bubble size distribution curves may evolve to very different 488 
shapes, from multi-modal, in the case of less viscous magmas, to well sorted, in the 489 
case of the more viscous ones. Such variability remarks the striking effect of 490 
coalescence in changing the bubble size distributions, which may easily yield to 491 
misinterpreting the texture of natural rocks.  492 
 493 
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 638 
Figure captions 639 
Figure 1 – Sequence of pictures of a moissanite cell experiment with rhyodacite 640 
showing the moment of bubble nucleation close to the final experimental temperature 641 
of 1100 °C (a-c), bubble expansion following the dilatation of the sample (d-e) and 642 
contraction immediately afterwards (f-h). The time is given relative to the time t0, at 643 
which the temperature of the set point was reached. 644 
 645 
Figure 2 – Snapshots of the experiments performed in moissanite cells using 50 µm 646 
thick glassy disks of synthetic basalt (top), andesite (middle) and rhyodacite (bottom). 647 
Bubbles in basalt and andesite show less homogeneous distributions than in 648 
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rhyodacite and less spherical shape, as results of the faster growth and the higher rate 649 
of coalescence. Note the different time necessary to achieve comparable bubble size 650 
and the different distribution of bubbles. Arrows indicate bubbles in the process of 651 
coalescence. 652 
 653 
Figure 3 – Sequence of pictures showing the coalescence of bubbles in rhyodacitic 654 
melt at 1200 °C, as indicated by the arrows. Frames are taken in 1 s intervals. The 655 
shapes of coalesced bubbles change from elliptical to spherical within few seconds. 656 
 657 
Figure 4 - Sequence of pictures of an experiment performed with basalt, showing the 658 
occurrence of Ostwald ripening. Compared to coalescence, Ostwald ripening is much 659 
slower and involves bubbles of different size. The small bubbles near the larger one in 660 
the top right corner (red arrows) are redissolved in the melt causing a slightly 661 
perceptible increase of the volume of the large bubble. 662 
 663 
Figure 5 – (a) Linear fitting of bubble size through time (t>20 s). Bubble growth at 664 
t<20 s occurs much faster than after 20 s and can be approximated by a logarithmic 665 
law. (b) Bubble growth rates (GR) calculated by the derivative with respect to time of 666 
the growth laws. 667 
 668 
Figure 6 – (a) Variation of bubble number density (NB) and (b) coalescence rate (CR) 669 
with time. The coalescence rate expresses the number of coalescence events (mm-3*s-670 
1) and is calculated from the derivative of the NB curves with respect to time. 671 
 672 
Figure 7 – Evolution of bubble size distribution (BSD) through time for the three 673 
different melt compositions. The area of the bubble is plotted instead of the radius, in 674 
order to increase the number of bins that can be plotted and to reduce the error of the 675 
determination of the radius from the area obtained from image analyses. Each bin 676 
corresponds to a class of bubble area calculated on basis 2 (e.g., 0-2 µm2, 2-4 µm2, 4-677 
8 µm2, etc.). Note how distributions in basalt and andesite achieve in a relatively short 678 
time poorly sorted distributions, whereas rhyodacite maintains through time a well-679 
sorted distribution. 680 
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Figure 8 – Log-Log plot of cumulative bubble size distribution. The number of 682 
bubbles is normalized to the volume of the sample. The overall distribution follows an 683 
exponential law for all the three compositions, with the rhyodacitic melt showing the 684 
best fitting (panels on the left). In the central segment, the distribution of basalt and 685 
andesite show the best fitting with a power law, which exponential term increases 686 
with time producing a counterclockwise rotation of the fitting line (panels on the 687 
right). 688 
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Table 1. Electron microprobe analyses of glasses used as starting material and FTIR 
measurements of the volatiles in the melt. 
 
Basalt (18) 
Texp=1240 °C 
Tliq=1220  °C 
Andesite (17) 
Texp=1200 °C 
Tliq=1150  °C 
Rhyodacite (16) 
Texp=1100 °C 
Tliq=1090  °C 
SiO2 50.64 (0.29) 57.90 (0.44) 68.65 (0.29) 
TiO2 0.85 (0.05) 0.85 (0.08) 0.55 (0.04) 
Al2O3 16.45 (0.22) 17.87 (0.51) 14.30 (0.15) 
FeOtot - - 3.49 (0.08) 
MnO 8.08 (0.12) 5.87 (0.16) - 
MgO 7.60 (0.14) 4.21 (0.11) 1.46 (0.06) 
CaO 10.39 (0.14) 6.98 (0.17) 3.95 (0.07) 
Na2O 3.27 (0.11) 3.25 (0.12) 3.61 (0.08) 
K2O 2.16 (0.07) 2.64 (0.21) 3.09 (0.09) 
Total 99.45 (0.34) 99.57 (0.33) 99.10 (0.31) 
H2O (ppm) 13 (1) 19 (3) 408 (26) 
CO2 (ppm) 101 (10) 289 (29) 1135 (114) 
H2O (vol.%)a 17.5 23.6 84.3 
CO2 (vol.%)a 33.4 57.3 81.8 
Bubble vol. (%)b 16 13 30 
 
Texp: temperature at which the experiment is performed 
Tliq: liquidus temperature calculated using MELTS 
(a) Volume produced by the exsolution of the single volatile component present in the 
melt (either H2O or CO2) calculated at 1 atm and at different experimental 
temperatures, assuming an ideal behavior of the gas phase (PV=nRT). Note that these 
values are much greater than the total volume of the gas phase observed at the end of 
the experiment (b), indicating some volatiles remained in the melt.  
table 1
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Table 2. Results from image analyses. 
Basalt     
Exp. time (s) 30 300 540 900 
Ave. Rad. (µm) 4.06 4.68 5.72 6.96 
Std. Dev. 1.14 2.37 3.35 4.84 
Porosity (φ) 0.063 0.065 0.095 0.157 
NB (mm-3) 8.46*104 7.92*104 5.19*104 3.55*104 
GR (mm*s-1)a 1.35*10-4 2.31*10-6 4.32*10-6 3.45*10-6 
     
Andesite     
Exp. time (s) 45 165 735 2644 
Ave. Rad. (µm) 4.13 5.04 5.78 9.04 
Std. Dev. 1.68 2.72 2.77 4.87 
Porosity (φ) 0.044 0.068 0.076 0.137 
NB (mm-3) 9.33*104 6.10*104 5.37*104 2.10*104 
GR (mm*s-1)a 9.18*10-5 7.54*10-6 1.30*10-6 1.71*10-6 
     
Rhyodacite     
Exp. time (s) 480 7207 14974 18394 
Ave. Rad. (µm) 3.40 5.14 8.65 13.35 
Std. Dev. 1.38 2.08 2.89 4.80 
Porosity (φ) 0.06 0.096 0.184 0.297 
NB (mm-3) 1.72*105 9.01*104 3.77*104 1.54*104 
GR (mm*s-1)a 7.08*10-6 2.59*10-7 4.52*10-7 1.37*10-6 
 
(a) Growth rate (GR) is calculated for each segment Δt. 
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